Abstract-Effects of eddy currents in nuclear magnetic resonance imaging (NMR) are investigated from the solution of Maxwell's equations. The point spread functions affected by the eddy currents appear broader and shifted, resulting in resolution degradation as well as misregisteration. The intensity and phase variations caused by the eddy currents can also generate problems associated with intensity and phase-sensitive imaging techniques. In this paper, reduction of eddy currents by a temporal compensation of the input current waveform to the gradient coil is studied with analytic solution. The limitation of the temporal compensation due to the spatially variant eddy currents is also investigated for both whole body diagnostic imaging system and small bore NMR microscopy system. Within a limited imaging volume of less than 60% of the gradient coil diameter, it appeared that most of eddy current problems can be solved by the temporal compensation technique.
I. INTRODUCTION NALYSIS of eddy currents in nuclear magnetic resonance A imaging has been recently carried out from a solution of
Maxwell's equations [ 11- [2] . As will be shown later in this paper, eddy currents introduce resolution degradation, misregisteration, and intensity and phase variations.
Most of eddy-current compensation techniques developed can be classified into two categories, i.e., temporal compensation of the input current waveform to the gradient coil [3]- [5] and self-shielded gradient coil approach [6]- [7] . The former is to modify the input current waveform to the gradient coil in time domain in such a way that the resultant gradient field would be closer to the desirable response, while the latter is to design a gradient coil which generates not only a linear gradient field inside of the coil but also a null field outside of the coil thereby eliminating interactions between gradient coil and magnet. The temporal approach is relatively simple to implement; however, accurate compensation in overall imaging volume is limited due to space-variant characteristics of eddy currents. On the other hand, the space-variant eddy currents can be corrected by the self-shielded gradient coil with a proper design of two-dimensional multiple shielding layers. However, this approach requires rebuilding whole gradient coil set for existing nonshielded gradient coil system.
Although "eddy currents" is one of the most familiar terms in N M R imaging and the temporal compensation technique is nothing new [3] - [5] , few studies have been camed out systematically about eddy-current induced image artifact and accuracy 
where R is the radius of the magnet in the cylindrical coordinate ( p , 9, z), and p and U are the permeability and conductivity of the magnet wall, respectively. By solving (l), the magnetic induction or magnetic field in imaging region ( p 5 r ) is given for a unit current loop with a time-dependent term of eiw' by
where r is the radius of the gradient coil ( r < R ) , BZ is the z-component of B with the magnet bore assumed to be in parallel to the z axis, and AV is the pcomponent of A . In (2), I, ( * ) and K, ( ) 
, with zo = 0.866r for an optimal gradient field linearity. Although a real magnetic resonance imaging (MRI) system is much more complicated than the model used, the simple model may be applicable to the study of eddy current effects and the performance analysis of the temporal compensation. In order to investigate eddy current effects in NMR imaging, magnetic inductions inside of the Maxwell pair ( p = 0, z = 0.2r from the center of the gradient coil) are numerically evaluated using (2) and (4) for a rectangular current input. Fig. l(a) shows the field response when the gradient coil is placed outside of the magnet and 2(e) due to line broadening, and iv) phase change at peak location. The split peak can generate multiple edges in the reconstructed image as well as resolution degradation. Misregisteration caused by the eddy currents is often observed in the multiply acquired images with different experimental parameters. For example, 1 or 2 pixel shifts are easily observed in the images obtained with different repetition times, thereby different eddy current effects, in the calculation of a T, map. The intensity attenuation and phase variation not only bring a reduction of signal-to-noise ratio but also cause serious problems associated with intensity and phase-sensitive imaging techniques such as diffusion, perfusion, and MR angiography [ 121-[ 141. These distortions are numerically evaluated in Table I as a function of the spatial coordinate. As shown in this table, degradations of the impulse response by the eddy currents are serious. For example, the full width at half maximum ( fwhm) in the plane, z = 0.6r, is more than 5 times larger than that of sinc function. Note that the fwhm is increasing as object location moves farther from the center. This is due to the increase of eddy-current induced field as a function of z (there is no field distortion in z = 0 plane due to the symmetric geometry of the Maxwell pair). Although the field intensity produced by external currents is also linearly increasing as a function of z inside of the gradient coil, the amount of distortion in spin phase is proportional to the absolute amplitude of the eddy-current induced field rather than the ratio of the induced field to the generated field. For example, if a delta function is placed atBz = 5
Az with pixel size Az, and if 10% of frequency variation is introduced by the eddy currents, then the spatial variation ( fwhm) after the Fourier transform is about 0.5 Az. However, if a delta function is located at z = 100 Az, the spatial variation would be 10 Az for the same frequency variation. The shift of peak position appears as much as 1-2 pixels, depending on the spatial location of the object. The space-dependent intensity attenuation is more than SO%, and the peak-phase variation by the eddy currents is more than 100" in some cases (e.g., z = 0.8r, 
TEMPORAL COMPENSATION OF EDDY CURRENTS
The temporal compensation of the eddy currents in Fourier imaging is to design an input current waveform to the gradient coil in such a way that the variation of the gradient field during the data acquisition period becomes minimum with a minimum transient time. two compensated waveforms are evaluated and are shown in Fig. 3 for Maxwell pairs in a small bore system (a) and in a large bore system (b). The magnet bore diameters are 7 and 80cm, respectively, for the simluation of microscopy and whole body diagnostic systems. The diameters of the gradient coils are assumed to be 80% of the magnet bore diameters. Since the two field responses affected by the eddy currents are quite different, the compensated waveforms are also different, i.e., more high frequency components are employed for the compensated waveform in the small bore microscopy system corresponding to high-frequency related distortions, while low-frequency related compensation is applied to the large bore system. This is due to the fact that the low frequency cutoff is inversely proportional to the square of the magnet bore diameter as discussed in [l] . The results of the temporal compensation are shown in As shown in these figures, the field responses with the compensated input waveforms are very close to the ideal rectangular functions, only with slight tilts during the data acquisition periods due to the mismatching of the compensated waveforms to the eddy currents. The impulse responses are also almost identical to the sinc function except small asymmetries in side lobes. Once the compensated waveform is obtained, it is stored in the waveform synthesizer and is applied repeatedly without hardware addition or modification [5] .
As shown in previous examples in Figs. 4 and 5, the performances of the temporal compensation are dependent on the deviations of the compensated waveform to the spatially variant eddy currents. In order to see spatially varying mismatching effects, thefwhms of the impulse responses at various locations are evaluated in Table I1 for the compensated waveforms used in Figs. 4 and 5. From Table 11 , mismatching effects appear relatively small for a central imaging volume of within 60% of the gradient coil diameter, where the average fwhms are 1.06 (largest 1.27) and 1.01 (largest 1.03) for the microscopy system and the whole body system, respectively. The mismatching effects in larger imaging volume (80% of the gradient coil diameter), however, become larger, i.e., the average fwhms are 1.41 and 1.44 for the respective microscopy system and whole body system. Although there are considerable mismatching effects near the gradient coil boundary, the improvements by the temporal compensation are substantial. For example, the average fwhm for the microscopy system without compensation is 3.73 in the imaging volume of 60% of the gradient coil diameter, and 4.48 in the imaging volume of 80% of the gradient "The compensated waveforms are derived from the eddy-current affected field responses at these locations, therefore the fwhm should be 1.00 (no mismatching). coil diameter, respectively (see Table 11 ). Since the mismatching effects in the central imaging volume are relatively small, choice of the eddy-current affected response to derive compensated waveform is not critical. Thus, most of eddy-current affected field responses near the central imaging volume can be used for the derivation of the compensated waveform, except those responses near the gradient coil boundary as shown in Table 11 .
IV. CONCLUSION
The effects of eddy currents in NMR imaging are analyzed from the solution of Maxwell's equations. Their major effects are: i) resolution degradation, ii) misregisteration, iii) loss of signal-to-noise ratio, and iv) phase change. In this paper, degradation of resolution is calculated with the full width at half maximum of the impulse response. The degradation of resolution becomes larger as the pixel position moves farther from the center. The shift of peak position generates a misregisteration problem as well as edge artifacts when interplane image processing is applied. The line broadening introduces signal loss, which can also be an error source of the intensity-based parameter estimations such as T , , T2, time-of-flight, diffusion coefficient, and perfusion. The change of phase as a function of spatial coordinate can make a problem associated with the phase-sensitive imaging techniques such as flow, angiography, chemical shift imaging, etc.
The temporal compensation technique is the inverse filtering of the eddy-current affected field response, which is calculated from the diffusion equation. Using an analytic solution, limitation of the temporal compensation technique due to mismzching of the compensated waveform to the spatially variant eddycurrent responses is investigated. From the computer simulation, the mismatching effects turned out relatively small in the imaging volume within 60% of the gradient coil diameter. However, the mismatching effects become larger as the position moves closer to the gradient coil boundary ( 80 % of the gradient coil diameter ).
